Effects of different patterns of presynaptic stimulation upon release of leuteinizing hormone releasing hormone (LHRH) were studied by monitoring LHRH-induced slow currents from individual postsynaptic neurons in bullfrog sympathetic ganglia. LHRH-mediated synaptic currents in ganglionic B and C neurons were recorded by a single-electrode voltage-clamp technique.
Using continuous stimulation, release increased with frequency between 2 and 20 Hz, then declined. Though bursts of stimuli always evoked more release than continuous stimuli of the same average frequency, they were invariably less effective than continuous stimulation at the intraburstal frequency. This demonstrates that frequency, not bursting structure, governs peptide release. The dependence of release upon stimulus frequency was altered when extracellular Ca2+ concentration was changed, implying that release does not depend intrinsically upon stimulation frequency, but simply on the availability of Ca2+.
Neuropeptides are coexpressed with classical transmitters in many central and peripheral neural circuits. Peptides act on neurons to alter K+ currents (Adams et al., 1982b; Jan and Jan, 1982; Mihara et al., 1987; North et al., 1987; Griffith et al., 1988; Jacquin et al., 1988; Bosma and Hille, 1989) Ca2+ currents (Mudge et al., 1979; Gross and Macdonald, 1987; Bley and Tsien, 1988; Schofield and Ikeda, 1988; Ewald et al., 1989; Ikeda and Schofield, 1989) repetitive firing properties (Jan and Jan, 1982; Dodd and Horn, 1983b; Dekin et al., 1985; Jones, 1985) and transmitter release (Mudge et al., 1979; Lundberg and Stjame, 1984) . Despite the prevalent existence of neuropeptides and their profound roles in modulating neuronal activities, the mechanism and dynamics of peptide release remain generally unclear. Because peptidergic responses tend to have long durations, and because repetitive stimuli are usually required to evoke peptide release, the stimulus dependence of neuropeptide release has been inferred primarily from the collection of transmitters and measures of end-organ function.
Repetitive stimulation with relatively brief high-frequency bursts (e.g., l-2 set, 10-20 Hz) that are punctuated by resting periods (e.g., 9 set) has been reported in several systems to be more effective for evoking peptide release than continuous stimulation at the same average frequency (Andersson et al., 1982; Bicknell et al., 1982; Lundberg et al., 1986 Lundberg et al., , 1989 . However, these experiments have not established whether the efficacy of bursting patterns is due simply to the high frequency of stimulation during the bursts or to the inclusion of resting periods between bursts. The former mechanism would be analogous to frequency facilitation ofrelease that has been studied extensively for classical transmitters (reviewed by Barrett and Magleby, 1976; Silinsky, 1985; Zucker, 1989) . Alternatively, resting periods might enhance peptide release by allowing for recovery from depression of release. Examples of processes that would theoretically depress release are the depletion of releasable peptide stores and the inactivation of presynaptic Caz+ channels (Himing et al., 1988) . The possible importance of resting periods is supported by work on hypothalamic neurons where inclusion of very long quiescent periods (21-180 set) between very long periods of high-frequency stimulation (25 set) enhances both hormone release (Cazalis et al., 1985) and intracellular Ca2+ accumulation (Brethes et al., 1987) . However, it is unclear whether the mechanism of peptide release is conserved for different peptides and synapses. In the present experiments, we have utilized a well-defined peptidergic synapse to examine the dependence of evoked release upon stimulus frequency, upon resting periods between brief bursts of stimuli, and upon the extracellular concentration of Ca2+.
In the bullfrog, the preganglionic C input to sympathetic ganglia 9 and 10 coreleases ACh and leuteinizing hormone releasing hormone (LHRH; Jan et al., 1979; Jan and Jan, 1982) . LHRH produces a late slow EPSP in B and C postganglionic neurons due mainly to the blockade of a voltage-dependent K+ current, the M-current (Jan et al., 1980b; Adams et al., 1982b; Jan and Jan, 1982; Jones, 1987) . In this study, LHRH release from the preganglionic C pathway was monitored indirectly by measuring the magnitudes of excitatory postsynaptic currents (EPSCs) recorded from ganglionic B and C cells with a singleelectrode voltage clamp. When various stimulation patterns were compared, we found that LHRH release is more sensitive to stimulus frequency than to burst structure. Furthermore, this frequency dependence can be shifted by altering the extracellular concentration of Caz+.
A preliminary account of these experiments has appeared (Peng and Horn, 1989) .
Materials and Methods
Intracellular recording. Preparations of paravertebral ganglia l-l 0 were isolated from 12-18-cm bullfrogs of both sexes, then set up for intracellular recording as described by Dodd and Horn (1983a) . Three suction electrodes were applied to the preparation for stimulation of the pre-ganglionic B (chain above ganglion 7) and C (spinal nerves 7 and 8) pathways, and for antidromic stimulation (sciatic plexus). All experiments were conducted at room temperature (20-24°C). Microelectrodes were filled with 3 M KC1 and were beveled (BV-10, Sutter Instruments) to resistances of 10-25 MR. Membrane potentials and currents were measured with a Dagan 8 100 single-electrode voltage-clamp amplifier. Impaled cells were classified as fast B, slow B, or C-type (Dodd and Horn, 1983a) and were accepted for study only if they had a resting potential negative to -40 mV and an input resistance greater than 25 MB.
The LHRHergic slow EPSP has a complex voltage dependence because it is generated primarily through suppression of a voltage-and time-dependent K+ current, the M-current, which also introduces a marked nonlinearity into the steady-state Z-V relation in the region of the normal resting potential (Adams et al., 1982a) . To eliminate the effects of voltage upon postsynaptic potentials, postsynaptic currents were measured by clamping cells at their resting potentials using a singleelectrode voltage clamp. Clamp parameters were set according to Finkel and Redman (1985) . For most cells, the switching frequency was 3 kHz with a 0.5 duty cycle. The unclamped voltage was less than 3 mV for the largest EPSC in a given cell. Because the largest EPSCs were evoked by high-frequency continuous stimulation, errors in the clamp resulted in an underestimate in the steepness of the frequency-response relationship. On the other hand, the unclamped voltage increases the amount of M-current available for suppression. This would have the opposite effect of overestimating the largest EPSCs, but only if these EPSCs are maximally suppressing the M-current. However, this factor did not confound-the data because the largest EPSC in any given cell suppressed less than 50% of the available M-current (see below), and the largest voltage errors (3 mV) would only increase 'the available M-current by less than 15% at resting potentials used. [This is calculated from data of Adams et al. (1982a,b) ].
Nerve stimulation parameters. Several ganglion cells were briefly impaled at the start of each experiment in order to adjust the strength of stimuli applied to pre-and postganglionic nerves. Care was taken to avoid current spread between the stimulating electrodes. After finding the minimal suprathreshold stimulus, the weakest stimulus that always evoked an orthodromic action potential, the stimulus strength was then increased by 1.1-3.0 times in order to be suprathreshold for evoking late slow EPSPs in B and C cells. Using these parameters, the nicotinic EPSP remained suprathreshold in C cells for up to 400 shocks at 20 Hz. For a given cell, one stimulus strength was used to elicit all EPSCs and/or EPSPs.
The number of stimuli (60, 100, or 200) used to evoke LHRH release was decided for each cell using 1 of 2 methods. The goal was to evoke responses that were large enough for reliable measurement, but small enough so as not to saturate the available M-current. The first method was to perform a 750-msec voltage jump from the resting potential to -70 mV and measure the amplitude of the slowly relaxing M-current. The number of stimuli was then chosen so that the EPSC evoked by 20-Hz stimulation reduced the available M-current by less than 50%. The second method was to apply 400 or 200 shocks at 20 Hz in order to evoke a large EPSC. The total number of stimuli to be used was then chosen such that the EPSC evoked by 20-Hz stimulation was still large, but much smaller than that evoked bv 400 or 200 shocks, and that ~-HZ stimuli elicited an EPSC large enough for measurements to be reliable.
Rest periods of 5-10 min were allowed between slow synaptic responses and were held constant in each cell. The data were collected from cells in which the recording conditions remained stable for l-6 hr.
Puffer application of LHRH analogues. Puffer pipettes with tip diameters of 4-8 pm were filled with salmon (50 PM) or chicken II (5 PM) LHRH and positioned approximately 100 pm from the somata of impaled ganglion cells. Pressure pulses were supplied using a Picospritzer II (General Valve Co.). For a given cell, pressure was kept constant at 1.4 or 2.8 bar, and the duration of pressure pulses was varied between 5 msec and 11 sec.
Solutions and drugs. The normal Ringer's solution contained (in mM) 115 NaCl, 2 KCl, 1.8 CaCl,, and 4 HEPES. The high-and low-Ca2+ Ringer's had 5.4 and 0.9 mM CY+, respectively. The low-Ca*+ Ringer's was supplemented with 1 mM Mg *+ to maintain the divalent cation concentration. All solutions were adjusted to pH 7.2-7.3. Atropine sulfate (1 P(M) was routinely included in all solutions to block muscarinic responses. Salts were obtained from Fisher, atropine from Sigma, and LHRH analogues from Peninsula.
The rate of superfusion was 1.25 ml/min, and the bath volume was about 1 ml.
Data collection and analysis. All data were collected and analyzed using interactive programs that were written in BASIC 23 and run on a DEC 1 l/73 computer and interface (INDEC Systems). Some of the programs were developed with the aid of programs kindly supplied by Dr. Eric Frank.
For orthodromic and antidromic action potentials, the latency, peak amplitude, and duration were measured along with the peak amplitude and duration of the hyperpolarizing afterpotential. In addition, for the orthodromic action potentials, the latency and peak amplitude of the positive waveform after the action potential were also measured. For late slow EPSCs and EPSPs, the delay, peak amplitude, time integral, time to peak, and duration were measured.
Action potentials, slow EPSPs, and some slow EPSCs were recorded without filtering. The voltage-clamp output for other slow EPSCs was filtered at 45 Hz. Action potentials were digitized by the computer at a rate of 6.7 kHz. In cells having long hyperpolarizing afterpotentials, the action potential was also sampled at a rate of 4 or 2.9 kHz. Slow EPSPs and slow EPSCs were sampled at rates between 6.7 and 1.7 Hz. In each case, the sampling rate was set so that the complete response could be stored in 4 blocks of memory. In voltaee-clamn recordings from C cells, the clamp failed to control the memb&e potential during the fast nicotinic EPSP and action potential. In these recordings, the rates of rise during the onset of the response were estimated from data segments during interburst intervals and at the end of stimulus trains.
The integrals of LHRHergic responses were measured with a digitizing bit pad and Apple Macintosh computer. In order to compare results from different cells, the peak amplitudes and charges of the EPSCs (and/ or the peak amplitudes and time integrals of EPSPs) in each cell were normalized to those of the EPSC (and/or EPSP) evoked by 20 Hz continuous stimulation. In high-and low-Ca2+ Ringer's, the magnitudes of all responses were normalized to that of the response evoked by 20-Hz continuous stimulation in the corresponding Ringer's solution.
Results

Postsynaptic currents reflect LHRH release
This study was based upon the assumption that relative amounts of synaptically released LHRH could be inferred from the magnitudes of resulting postsynaptic responses. To test this assumption, EPSCs induced by either salmon (50 PM) or chicken II (5 PM) LHRH applied from a puffer pipette were measured in 4 B cells and 1 C cell (Fig. 1) . Repeated pulses of constant pressure and duration elicited reproducible responses. In all cells, both the peak amplitude and the time integral of the EPSC increased as the pressure pulse duration was increased in the range of 5 msec to 10 set ( Fig. 1 a- c, g-i) . Given that the volume ejected from puffer pipettes is proportional to the duration of the pressure pulse (McCaman et al., 1977) this result indicates that both the peak amplitude and the charge of the postsynaptic EPSCs are good indicators of the amount of LHRH released. However, as shown in Figure 1 , g-i, the fact that the normalized peak amplitude is consistently higher than the normalized charge for all pressure pulse durations suggests that charge is a slightly more sensitive measurement than amplitude.
When EPSCs evoked by LHRH puffs of different durations are scaled to the same peak amplitude, the rates of the rising phases are the same ( Fig. Id-f ). Unlike responses to exogenous LHRH, rates of rise varied with stimulus parameters during synaptic responses (see below). Because this could lead to larger discrepancies between peak amplitudes and integrals than the small differences found with puffed LHRH, charge data are presented in the following results: Corresponding currents from u-c have been scaled to the same peak amplitude. Note that rising phases of the responses in each cell follow the same time course, and that the durations increase as the pulse of LHRH is lengthened. Those traces that were not included in panels d and f follow the same trend, but were omitted for visual clarity. g-i, Plots of normalized charge and peak amplitude versus puffer-pulse duration for the cells in u-c. Each response was normalized to the largest response in that cell and each point is the mean of 2 replicate responses. fast B, 2 slow B, and 4 C cells. The LHRH containing preganglionic C pathway was selectively activated in all experiments by stimulating spinal nerves 7 and 8 (see Materials and Methods). The B cell data has been pooled because no differences were observed between fast and slow B cells. Because the LHRHergic late slow EPSC is the only EPSC studied here, it will be referred to simply as EPSC.
Repetitive stimulation was always required in order to evoke the EPSC. The minimal parameters for eliciting detectable responses in the most sensitive cells were 50 stimuli at 0.5 Hz or 20 stimuli at 2 Hz. Continuous stimulation (60, 100, or 200 shocks) at 2 Hz always elicited a response. At frequencies between 2 and 40 Hz, the magnitude of the EPSC grew as the number of stimuli was increased (Fig. 2a,b) . The maximum number of shocks used was 400. For a given number of stimuli, the magnitude of the EPSC increased with stimulation frequency and saturated around 20 Hz (Fig. 2c ,e,f;h). At 40 Hz, the magnitude of the EPSC generally declined (6 out of 7 B cells and 2 out of 2 C cells), as shown in Figure 2c , e, and h. The charge of EPSCs evoked by 20 Hz was about 3 and 4 times as large as that evoked by 2 Hz in B and C cells, respectively (Table 1) . In one B cell, the EPSC reached its peak with ~-HZ stimulation, and it was 3.13 times as large as that evoked by OS-Hz stimuli.
The reduction of LHRH release upon 40-Hz stimulation may arise from failure of propagating preganglionic action potentials. At the start of each experiment, several C cells were impaled so that the preganglionic stimulus to spinal nerves 7 and 8 could be adjusted to 1.1-3 times the minimal suprathreshold strength for evoking a nicotinic EPSP (see Materials and Methods). With single shocks, these fast EPSPs were always suprathreshold for generating a postganglionic action potential. Stimulation at 20 Hz for 400 stimuli resulted in 400 postganglionic action potentials. At 40 Hz, 30-75% of the stimuli produced subthreshold fast EPSPs. Because each C cell is innervated by l-3 preganglionic C fibers (Dodd and Horn, 1983b) , failure of orthodromic action potentials at 40 Hz suggests that either some preganglionic C fibers, some synaptic boutons, or both failed to conduct at 40 Hz. This possibility is supported by the observation that compound C-fiber action potentials in the rami of spinal nerves 7 and 8 follow continuous stimulation at frequencies up to 20 Hz, but decrease in magnitude at 40 Hz (Y. Peng and J. P. Horn, unpublished observations). Alternatively, the releasable stores of ACh and LHRH may be rapidly depleted during 40-Hz stimulation. Although this possibility cannot be ruled out, it seems less likely because postsynaptic responses mediated by both transmitters return rapidly to normal levels upon returning to 20-Hz stimulation.
LHRH release is governed by the frequency rather than the bursting structure of stimulation Two possible mechanisms can be hypothesized to account for the effectiveness of bursting over continuous stimulation at the same average frequency. Mechanism 1 states that the high frequency of the burst accounts for the increased release, whereas Mechanism 2 postulates that the resting period between successive bursts enhances release. Mechanism 1 has 2 principal predictions:
1. Stimulation in bursts should be more effective in evoking release than continuous stimulation at the same average frequency. This is also the necessary condition for Mechanism 1 to be true.
2. Stimulation in bursts should be less effective than continuous stimulation at the intraburstal frequency. Prediction 2 in addition to prediction 1 is the necessary and sufficient condition for Mechanism 1 to be true.
Mechanism 2 has 1 principal prediction:
1. Stimulation in bursts should evoke no less release than continuous stimulation at the intraburstal frequency. This is the necessary and sufficient condition for Mechanism 2 to be true. On the other hand, Mechanism 2 has no prediction as to whether bursting should be more effective for evoking release than continuous stimulation at the same average frequency.
EPSCs evoked by bursts of 20 stimuli delivered at 20 Hz every 10 set to give an average stimulation frequency of 2 Hz were compared with EPSCs evoked by continuous 2-and 20-Hz stimulation in 20 B cells and 4 C cells from the group of 25 cells described in the previous section. This pattern of stimulation will be referred to as 20B. Based upon the frequency dependence of LHRH release, 20B is the best pattern to distinguish Mechanisms 1 and 2. In the preceding section, it was shown that with continuous stimulation the minimal and optimal frequencies for evoking the LHRH response in most cells are 2 and 20 Hz, respectively (Fig. 2e,h ). Because it is the optimal frequency, sustained 20-Hz stimulation should presumably lead most rapidly to depression of release. Given these constraints, Mechanism 1 predicts that comparing 20B bursts with continuous ~-HZ stimulation should be optimal for detecting the dif-ference between bursting and continuous stimulation at the same average frequency. On the other hand, Mechanism 2 predicts that comparing the 20B pattern with continuous 20-Hz stimulation should be optimal for detecting the ability of resting periods to relieve factors that depress release without reducing the average frequency below the minimal frequency for continuous stimulation (2 Hz).
In these 24 B and C cells, 20B stimulation evoked EPSCs that were larger than those produced by continuous ~-HZ stimulation and smaller than those produced by continuous 20-Hz stimulation (Fig. 2c,e,f;h ). On average, the EPSCs produced by bursting were twice the size of those produced by continuous ~-HZ stimulation, but only about 2/3 the size of those evoked by continuous 20-Hz stimulation (Table 1 ). In the one B cell having an optimal stimulation frequency of 5 Hz, bursts of 5 shocks delivered at 5 Hz every 10 set (5B pattern) were compared to 0.5-Hz and ~-HZ continuous stimuli. The 5B/0.5-Hz ratio was 1.18, and the 5B/5-Hz ratio was 0.38. Even though the stimulusfrequency dependence for evoking the LHRH response in this cell differed from other cells, the stimulation that contained bursts at the optimal frequency was more effective than continuous stimulation at the average frequency and less effective than continuous stimulation at the optimal frequency. Thus, the necessary and sufficient condition for Mechanism 1 was always met, whereas that for Mechanism 2 was never satisfied.
The interpretation of synaptic currents in terms of release evoked by different patterns of stimulation would be invalid if the postsynaptic response was reduced in the prolonged presence of LHRH. For example, one might imagine that, for a given number of stimuli, the temporal pattern of release evoked by the 20B pattern results in more receptor desensitization than that produced by a briefer train of continuous 20-Hz stimulation. If this were the case, then the smaller responses seen with 20B stimulation could be explained as an artifact of the assay rather than a reduction in release. In order to test this possibility, a second set ofcontrols was performed on 4 B cells. To determine whether postsynaptic responses are sensitive to the temporal pattern of LHRH application, chicken II LHRH was applied using 1 long puff (11 set) and using 11 short puffs (1 set) at 1 Oset intervals. In 4 out of 4 cells, the response to a series of short puffs was actually larger than that produced by a single puff having the same total duration. Figure 3a illustrates an example of this effect. By contrast, when LHRHergic EPSCs were recorded in the same cell (Fig. 3b) , continuous 20-Hz stimulation evoked a larger response than the 20B pattern, as in all other cells (Fig. 2) . This supports our interpretation of synaptic currents in terms of release and implies that the comparison of synaptic currents underestimates, if anything, the relative superiority of continuous 20-Hz stimulation for evoking LHRH release.
A corollary of Mechanism 1 states that bursting with the optimal frequency should be more effective than bursting with other frequencies. This was tested and confirmed in 1 B cell. In this cell, the 20B/2-Hz ratio was 2.12, and the 20B/20-Hz ratio was 0.8 1. When this cell was bathed in high-Ca*+ Ringer's, the optimal frequency for continuous stimulation shifted from 20 to 5 Hz. Meanwhile, the 20B/2-Hz ratio was reduced to 0.98, and the 20B/20-Hz ratio was reduced to 0.57. When bursts of stimuli containing the new optimal frequency (5 Hz) were applied, they were found to be more effective than the 20B pattern. times the size of those evoked by continuous ~-HZ stimulation and 0.78 times the size of those evoked by continuous ~-HZ stimulation. Thus, shifting the optimal frequency for continuous stimulation also shifted the optimal intraburstal frequency. Another corollary of Mechanism 1 is that the bursting pattern containing the optimal frequency and having an average frequency equal to the minimal frequency should produce the maximal increase of release when compared to continuous stimulation at the average frequency. As implied above, this corollary contributed to the rationale for choosing 20B stimulation to test Mechanisms 1 and 2. In 1 C cell, the 20B/2-Hz ratio was 2.5 1, while bursting with 20 shocks delivered at 20-Hz every 2 set evoked an EPSC only 1.09 times that evoked by continuous loHz stimulation (Fig. 4) .
A corollary of Mechanism 2 states that, for a given intraburstal frequency and burst duration, increasing the interburst resting period should enhance release. This was tested in a B and a C cell using 1 -set bursts at 20 Hz. In the B cell, bursting stimulation with interburst intervals of 9 and 3 set were found to evoke responses having magnitudes within 4% of each other. Both patterns evoked EPSCs smaller (0.74 and 0.77, respectively) than that produced by continuous 20-Hz stimulation (Fig. 5a,b) and larger than that produced by continuous ~-HZ stimulation. Similarly, in the C cell, bursting stimulation with interburst intervals of 9 and 1 set were found to evoke responses having magnitudes within 4% of each other. Again, both patterns evoked EPSCs smaller (0.48 and 0.46, respectively) than those produced by continuous 20-Hz stimulation (Fig. 5c,d ) and larger than that produced by continuous ~-HZ stimulation.
These examples further demonstrate that activity within bursts Fig. 5d . Note that the disparity between responses to bursts containing the optimal frequency (20 Hz) and to continuous stimulation is greater when the average frequency of the burst pattern is equal to the minimal frequency for continuous stimulation. However, the responses to both burst patterns were smaller than that evoked by continuous 20-Hz stimulation.
not the quiescence between them dictates release. High-frequency continuous stimulation is more effective than bursting for evoking LHRH release.
Stimulus frequency governs the rate of LHRH release In addition to enhancing the amount of LHRH being released, the rates of rise of EPSCs increased monotonically with stimulus frequency between 2 and 20 Hz (Fig. 2d,g ). The data for 5 and 10 Hz were omitted from Figure 2 , d and g, for visual clarity. These rates reached a plateau at 20 Hz. Even though the magnitude of the current declined at 40 Hz (Fig. 2c,e) , its rate of rise remained the same as for 20-Hz stimulation (Fig. 2d) . Bursting stimulation evoked EPSCs having rates of rise faster than those evoked by continuous stimuli with the same average frequency, but slower than those elicited by continuous stimuli with the intraburstal frequency (Fig. 2d,g ). This dependence of the EPSC rate of rise upon stimulation frequency was stronger in C cells than in B cells (Fig. 2d,g ).
Assuming that the onset rate of the EPSC reflects the rate of agonist concentration increase at receptors, these data can be interpreted in terms of rates of release and diffusion distances for LHRH. For a given cell, the diffusion distance between release sites and receptors is constant. The rates of EPSC onset should therefore reflect rates of release. The data thus indicate that the rate of release is governed by stimulus frequency rather than by burst structure.
The observed differences in the stimulus dependence in the onset rates of postsynaptic responses between B and C cells and between synaptic and puffer responses are consistent with differences in the diffusion distances for LHRH. As the diffusion distance between the source of the agonist and its target increases, the sensitivity of the cell to the rate of release should decrease. Consistent with the fact that C cells, but not B cells, are contacted by preganglionic synaptic boutons containing LHRH (Jan et al., 1980a; Horn and Stofer, 1988) , C cells had a stronger frequency dependence than B cells in the onset rate of synaptic responses. When applying LHRH from puffer pipettes, diffusion distances were many times larger than in synaptic release. Moreover, because puffer pulses were delivered at constant pressure, it seems likely that the rate of release from a pipette was relatively constant for various pulse durations. Both factors probably contributed to the observed insensitivity of onset rates of puffer responses to pulse duration (Fig. Id-f) .
The magnitudes and onset rates of EPSPs are also governed by stimulus frequency In several cells, the stimulus dependence of the unclamped LHRHergic slow EPSP was examined and found to be qualitatively similar to that of the synaptic currents. polarization. Moreover, it has been reported that increasing the stimulation frequency broadens action potentials in some peptide secreting terminals (Gainer et al., 1986; Bourque, 1990) . Thus, the stimulus-frequency dependence of LHRH release might reflect the kinetics of voltage-dependent processes mediating peptide release. The most important voltage-dependent process for release, if not the onlv one. is the influx of CaZ+ into terminals via voltage-gated Ca*' t &an&s. Indeed, broadening of the ter-200 stlmuli I B cell 1 minal action potential upon high-frequency stimulation was abolished in 0 extracellular Ca2+ (Bourque, 1990) . Voltage-gated Ca2+ channels having different kinetics are reported to dominate synaptic transmission in different systems (Rane et al., 1987; Himing et al., 1988) . If extracellular Ca*+ concentration was changed moderately such that the driving force for Caz+ ions was changed, but not the dynamics of terminal depolarization, then one could test whether or not the frequency dependence of release is tightly coupled to the dynamics of terminal depolarization. If this dependence is intrinsic, then response magnitudes for all the frequencies should increase or decrease by the same factor when the extracellular Ca2+ concentration is raised or reduced. In other words, the normalized frequencyresponse curve for LHRH release should be unaficted by extracellular Ca2+.
The effects of extracellular Ca2+ upon the frequency dependence of LHRH release were evaluated by measuring in indi- High-Ca2+ Ringer's shifted the normalized frequency-response curve to the left (Figs. 7, 8, 9d --. The primary effect of high Ca2+ was to enhance responses to low-frequency stimulation with relatively little effect on responses to high-frequency stimulation (Figs. 7, 9d-f) . When 0.5-Hz stimuli were applied to 5 of the 7 B cells in normal Ca2+, detectable responses were observed in 3 cells. After shifting to high Ca2+, all 5 cells responded. In another B cell, an EPSC was evoked by an even lower frequency (0.25 Hz), but only after shifting from normal to high Ca2+. Thus, it appears that high Ca2+ lowered the minimal frequency for evoking LHRH release. In addition, high Ca2+ increased the 2/20-Hz ratio by 0.22 f 0.04 in 7 B cells and by 0.46 and 0.18 in 2 C cells. In some of these cells, the optimal frequency was shifted to below 20 Hz (Figs. 7d, 9f ). In the one B cell having an optimal stimulus frequency of 5 Hz in normal Ringer's, the 0.5/5-Hz ratio was increased from 0.32 to 0.89 in high-Ca2+ Ringer's. Low-Ca2+ Ringer's shifted the frequency-response relation in the opposite direction. In 2 B cells that were examined, the 2/20-Hz ratio decreased by 0.24 and 0.25, respectively (Fig. 9 ). Shifting to low-Ca2+ Ringer's reduced the EPSC evoked by 2 Hz (Fig. 9a,d ), but had a smaller effect upon the response to 20-Hz stimulation (Fig. 9b,e) . The response to 200 shocks at 20 Hz in Figure 9b demonstrates that the 100~shock stimulus used in this experiment were not saturating at the pre-or postsynaptic level.
The shifts in the normalized frequency-response curves caused by varying extracellular Ca2+ concentration suggest that LHRH release does not depend intrinsically upon the dynamics of terminal depolarization, but simply on the availability of Ca*+.
The efficacy of 20B stimulation in normal and in high Ca2+ was examined in 6 B cells (Fig. 8) . In 2 cells, the 20B/20-Hz ratio increased in high Ca2+ by 0.19 and 0.30, but remained less than 1. In these cells, 20 Hz remained the optimal frequency, yet lower frequencies became relatively more effective. For example, the 2/20-Hz ratio increased. This observation supports Mechanism 1, because the burst pattern remained more effective than continuous stimulation at the average frequency, and thereby accounts for the increased 20B/20-Hz ratio. By contrast, the 20B/20-Hz ratio decreased in high Ca2+ in the other 4 cells from 0.85 f 0.08 to 0.64 f 0.09, while 0.5/20-, 2/20-, and 5/20-Hz ratios all increased. However, when 3 of these cells were further examined, the optimal frequency was found to have shifted from 20 to 5 Hz. Because the bursting stimulation pattern (20B) no longer contained the optimal frequency, our theory provides an explanation for the decreased 20B/20-Hz ratio (see first corollary of Mechanism 1). In summary, high Ca*+ did not alter the basic relation between the efficacies of bursting and continuous stimulation.
Discussion
The results of this study are consistent with those of Andersson et al. (1982) , Bicknell et al. (1982) , and Lundberg et al. (1986 Lundberg et al. ( , 1989 . As reported for other neuropeptides, we found bursting to be always more effective in evoking LHRH release than continuous stimulation at the average frequency ofthe burst pattern. Bursting patterns of activity are physiologically relevant to peptide release because they occur naturally in autonomic (Hallin and Torebjork, 1974) and hypothalamic neurons (Poulain et al., 1977) . However, in order to understand the mechanism of peptide release, the present experiments were designed to distinguish the effects of intraburstal frequency and interburst intervals. The finding that continuous stimulation at the intraburstal frequency always evokes larger EPSCs than those produced by bursts, regardless of the resting period duration, demonstrates that firing frequency dictates LHRH release. At first glance, this might appear to contradict the effects of bursting stimulation upon vasopressin release that were observed by Cazalis et al. (1985) . However, they utilized stimulus trains containing many more stimuli (i.e., 1400), longer bursts (25 set), and longer interburst intervals (2 l-l 80 set). Consequently, factors including accumulation of extracellular K+ and depletion of the releasable transmitter pool may contribute to their observations, whereas this study concentrated on more rapid processes that may affect release, probably including Ca2+-channel inactivation. Finally, Cazalis et al. (1985) measured the overflow of peptide from superfused tissue, which could reflect the contributions of synaptic and nonsynaptic release, whereas we measured only peptide release that could be detected by postsynaptic receptors.
The dependence of LHRH release by preganglionic C fibers upon the frequency of continuous stimulation is remarkably similar to that reported for other neuropeptide-releasing systems. In normal Ringer's, the minimal frequency that always evoked LHRHergic EPSCs was 2 Hz,the optimal frequency was 20 Hz, and the response declined by about 30% at 40 Hz (Fig.  2) . The same relation was observed both in B cells and C cells. The decline in LHRH release at 40 Hz is likely to arise from presynaptic conduction failure (see Results). Analogous observations were reported for vasopressin release by terminals in the mouse neurohypophysis, where Gainer et al. (1986) found 20 Hz to be the optimal stimulation frequency, with declines of 18% at 30 Hz and 33% at 40 Hz. Bicknell (1988) observed a similar frequency dependence for vasopressin release. In the myenteric plexus, Morita and North (1985) measured the frequency dependence of continuous stimulation for evoking slow EPSPs. Although their data is very similar to our observations, the contribution and identity of the peptide mediating the myenteric slow EPSP is less certain (Fumess and Costa, 1987; Willard, 1990) .
By examining the onset of LHRHergic EPSCs, it has been possible to infer that the rate of LHRH release also increases with stimulation frequency. The rate of release rises in parallel with the amount of release and peaks at 20 Hz (Fig. 2d,g ). Even though the amount of release declines at 40 Hz, the rate stays high (Fig. 26) . Comparable observations have not been made in other systems.
An intriguing hypothesis that has been previously invoked to account for the efficacy of bursting activity upon peptide release posits that resting periods between bursts allow for relief of presynaptic Ca2+-channel inactivation (Himing et al., 1988) . Based on other studies (Jones and Marks, 1989; Lemos and Nowycky, 1989) , one would suspect that the 9-set resting periods employed here were sufficient to relieve such inactivation. Because 20-Hz continuous stimulation was more efficacious than any bursting pattern that tested here, the inactivation hypothesis is untenable for explaining the stimulus dependence of peptide release in this system.
The effects of altered extracellular Ca2+ concentration demonstrate that LHRH release is not tightly coupled to particular frequencies or bursting patterns of stimulation. Changing the Ca2+ concentration had large effects at low frequencies of stimulation and relatively little effect at 20 Hz (e.g., Fig. 9b,e) . This observation suggests the existence of a process(es) that antagonizes the alterations of driving force produced by changes in extracellular Ca2+ concentration. Depletion of the releasable transmitter pool and/or saturation of the postsynaptic response might account for the relative constancy of EPSCs evoked by 20 Hz in different concentrations of Ca2+ (Fig. 9b,e) . However, the number of stimuli used to study each cell was chosen to avoid these possibilities (see Materials and Methods) . This is also illustrated in Figure 96 , where larger responses were observed at 20 Hz when the number of stimuli was increased. Alternatively, Ca*+-dependent inactivation of presynaptic Ca2+ channels (Eckert and Chad, 1984; Kramer and Zucker, 1985; Fox et al., 1987 ) might serve to counter changes in the extracellular concentration of Ca*+. If this were the case, then one could imagine that, in high Ca2+, the effect of altered driving force would be dominant at low stimulus frequencies, and the effect of inactivation would be dominant at high stimulus frequencies. This would account for the reduction in the minimal stimulus frequency for release in high Ca2+, for the large Ca2+ sensitivity of release evoked by ~-HZ stimulation (Figs. 74 944 , and for the relative Ca*+ insensitivity of release evoked by 20-Hz stimulation. However, resolution of these issues will require measurements of intracellular Ca*+ concentrations in terminals during stimulation and information about the kinetics of presynaptic Ca*+ channels in this system.
In addition to LHRH, preganglionic C neurons in the bullfrog corelease ACh (Jan and Jan, 1982) . This study confirms and extends the previous observation that the stimulus requirements for evoking release of these 2 transmitters are quite different. Unlike LHRH, ACh release evoked by a single shock is sufficient to activate suprathreshold nicotinic EPSPs, and brief trains of 10 shocks at 10 Hz are sufficient to maximally activate muscarinic receptors mediating the slow IPSP (Dodd and Horn, 1983b) . Thus, the frequency of firing in preganglionic C fibers appears to be one fine-tuned mechanism that regulates the differential release of 2 cotransmitters. Low frequencies and brief periods of activity favor purely cholinergic transmission, while high frequencies and longer periods of activity favor coactivation of cholinergic and peptidergic transmission. Similar behavior has been reported in Aplysia neurons by Whim and Lloyd (1989) .
Because the stimulus dependence of LHRHergic slow EPSPs is similar to that of the underlying synaptic currents (Fig. 6 ), our data provide insight into the preganglionic coding of information and the integrative function of ganglionic cotransmission under more physiological conditions. upon stimulation frequency, but simply on the availability of Ca2+.
In summary, stimulus frequency, not bursting structure, governs peptide release. Furthermore, because the dependence of release upon stimulus frequency can be altered by extracellular Ca2+ concentration, peptide release does not depend intrinsically hormone induces rhythmic bursting in neurons of the nucleus tractus solitarius. Science 22957-69.
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